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Abstract
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solvent signals. This is achieved by (i) exploiting the paramagnetic relaxation enhancement of solvent signals
relative to materials substrates, or (ii) by using short cross-polarization contact times to transfer
hyperpolarization to only directly bonded carbon-13 nuclei in frozen solutions. The methods are evaluated for
organic microcrystals, surfaces and frozen solutions. We show how this allows for the acquisition of high-
resolution DNP enhanced proton-proton correlation experiments to measure inter-nuclear proximities in an
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a b s t r a c t
We show how DNP enhanced solid-state NMR spectra can be dramatically simplified by suppression of
solvent signals. This is achieved by (i) exploiting the paramagnetic relaxation enhancement of solvent sig-
nals relative to materials substrates, or (ii) by using short cross-polarization contact times to transfer
hyperpolarization to only directly bonded carbon-13 nuclei in frozen solutions. The methods are evalu-
ated for organic microcrystals, surfaces and frozen solutions. We show how this allows for the acquisition
of high-resolution DNP enhanced proton-proton correlation experiments to measure inter-nuclear prox-
imities in an organic solid.
 2017 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction
Solid-state NMR is a powerful analytical tool for the character-
ization of structure and dynamics of a broad range of chemical and
biological materials [1–4]. However, the intrinsic low sensitivity of
NMR limits many applications. Dynamic Nuclear Polarization
(DNP), in which electron polarization can be transferred to nuclear
spins under the effect of microwave irradiation, can yield signal
enhancements of two orders of magnitude [5–9]. To achieve
DNP, unpaired electrons are introduced typically by dissolving
stable radicals and the target substrate in a glass-forming solvent
[10,11] or by impregnating solid particles with the radical-
containing solution [12–16]. In both cases this results in a large
solvent signal in the NMR spectra that can obscure both proton
and carbon-13 signals of the target, limiting the applicability of
the method and the choice of suitable polarizing solvents. In fact,
many studies use carbon-13 depleted glycerol in order to reduce
solvent signals [17]. The large solvent signal is a particular limita-
tion for 1H detected DNP enhanced NMR spectroscopy, which
would be highly desirable but which has so far not been widely
exploited because of the interference of the solvent signals. Solvent
suppression in NMR is usually quite straightforward [18], employ-
ing chemical shift selective methods for the narrow water
resonance in solutions [19], or using differences in molecular
dynamics to suppress solvent in solids at room temperature
[20,21]. In contrast, under magic-angle-spinning (MAS) DNP condi-
tions, it is less obvious how to suppress the (multiple) signals from
the frozen solvent at 100 K.
Here we introduce two methods to suppress the solvent signals
and we demonstrate the methods for both impregnated solids,
including microcrystalline organic solids and porous materials, as
well as frozen solutions. We then show how the methods enable
the acquisition of DNP enhanced high-resolution 1H-1H correlation
spectra in which the solvent signal is completely eliminated and all
the through-space correlations indicative of the structure are
observable.
2. Results and discussion
2.1. Relaxation filters for solvent suppression
The presence of the radical polarization source leads to a
paramagnetic relaxation mechanism that shortens the apparent
relaxation times of nuclei close to a radical, either by a direct
relaxation effect or by relaxation relayed by spin diffusion. In the
case of incipient wetness impregnation DNP of powdered solids,
the paramagnetic relaxation enhancement (PRE) [15,16] is likely
to affect solvent relaxationmore strongly than that of the solid sub-
strate. If this is the case, relaxation filters [22] could be used to
selectively eliminate solvent signals. Recently, Grüning et al. used
carbon-13 spin echoes to remove solvent signals for mesoporous
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organosilicates impregnated with bCTbK in TCE [23], exploiting dif-
ferences in T20 values between the substrate and solvent. Here we
investigate this approach along with other methods to suppress
the solvent signals for a variety of systems.
Fig. 1a shows the DNP enhanced 1H-13C CPMAS spectrum of
crystalline L-histidine monohydrocholride monohydrate impreg-
nated with a solution of 16 mM TEKPol in 1,1,2,2-tetrachloro-
ethane (TCE), according to the protocols introduced by Rossini
et al. [15,16,24]. The prominent resonance at 74 ppm corresponds
to the solvent (TCE) carbon signal. In comparison, we see that the
solvent signal has been completely suppressed in the spectrum
obtained with CPMAS preceded by an 80 ms 1H spin-lock period
sSL, using the pulse sequence shown in Fig. S1. Fig. 1d shows the
signal intensity as a function of sSL (all the corresponding spectra
are shown in Fig. S2), which clearly illustrates how the apparent
proton T1q is much shorter for the solvent (8 ms) than for the
substrate (300 ms). Note that spin-diffusion between protons
leads to all the histidine peaks having the same apparent proton
T1q, after a very short initial period in which the protons equili-
brate after the 90 pulse. Due to the substantial difference in
apparent proton T1q relaxation times between the substrate and
the solvent, the 1H spin lock completely suppresses the solvent sig-
nals with only a 25–40% loss in substrate signal intensity compared
to the conventional 1H-13C CPMAS spectrum.
Fig. 1b shows a similar comparison in which we see that the sol-
vent signal is completely suppressed with CPMAS followed by a
spin-echo on carbon-13, using the pulse sequence shown in
Fig. S1, with sd = 3.2 ms. Fig. S2c shows the series of CPMAS-echo
spectra with sd from 80 ls to 3.2 ms, together with the peak
intensities in Fig. S2d, illustrating how the solvent signal decays
much more rapidly than the substrate signals, this time due to dif-
ferences in carbon-13 T20 dephasing times. We note that since spin
diffusion will not average carbon magnetization, there is now dis-
tribution of transverse dephasing times for the substrate. Due to
these differential carbon-13 relaxation times the T20 filter approach
can be used to suppress the solvent signals completely with a loss
of between 5 and 40% signal in substrate signal intensities depend-
ing on the peak, as compared to the conventional 1H-13C CPMAS
spectrum. Note that even in the absence of radical, pure TCE has
a fairly short T20, probably due to effects due to the quadrupolar
35Cl/37Cl nuclei, and that this favours solvent suppression in this
case.
TCE is currently the most widely used organic solvent for
impregnation DNP, but orthoterphenyl (OTP) has recently been
shown to perform better, when it can be used [24–26]. Fig. 1c
shows the DNP enhanced 1H-13C CPMAS (upper trace) spectrum
of crystalline L-histidine monohydrochloride monohydrate
impregnated with a 16 mM solution of TEKPol in 95% OTP-d14/5%
OTP. This nicely illustrates that the OTP resonances at 126.7 and
139.8 ppm overlap with the resonances of the histidine. The results
of the 1H-13C spinlock-CPMAS experiment are shown in the lower
trace with the solvent signal completely removed. We see in Fig. S3
that the solvent signal intensity again decays more rapidly than the
compound signals.
The carbon T20 (1H-13C CPMAS echo) filter experiments on this
system with different sd are shown in Fig. S3c in SI. In this case,
the compound and solvent signal intensities are reduced concur-
rently. For this reason, the T20 filter approach cannot be used to
suppress the OTP solvent signals.
2.2. Short cross-polarization contact times for solvent suppression
The 1H and 13C relaxation filters efficiently suppress the solvent
signals in impregnated solids, where the heterogeneous nature of
the sample leads to differential relaxation times. However, they





Fig. 1. DNP enhanced NMR spectra of micro-crystalline L-histidine monohydrochlo-
ride monohydrate impregnated with a 16mM solution of TEKPol in TCE (a) 1H-13C
CPMAS spectrum (upper trace) and the spin-lock-1H-13C CPMAS spectrum (lower
trace); (b) 1H-13C CPMAS spectrum (upper) and 1H-13C CPMAS echo (bottom trace)
spectrum; (c) 1H-13C CPMAS spectrum (upper), and spin-lock-1H-13C CPMAS
spectrum (lower) for crystalline L-histidine monohydrochloride monohydrate
impregnatedwith a 16 mM solution of TEKPol in 95% OTP-d14/5% OTP); (d) Intensities
of the peaks in the spectrum of (a) as a function of sSL; * indicates spinning sidebands.
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Fig. S4 we find similar solvent and substrate relaxation times for
frozen solution of L-proline in 60:30:10 glycerol-d8/D2O/H2O with
10 mM AMUPol, with carbon-13 T20 ranging from 4 to 24 ms, and
1H T1q the same for all the components at around 27 ms.
An alternative method to suppress the 13C resonances from
glycerol is to use short cross polarization contact times, as shown
in Fig. 2. We immediately notice that for sCP = 50 ls, the solvent
is absent, as opposed to the case for a longer sCP = 3000 ls.
Interestingly, using the short contact time results in only a very
minor loss (2–3%) in compound signal as compared to the long
CP spectrum (see SI). The effectiveness of this strategy stems from
the fact that the glycerol is deuterated, and is only polarized slowly
by long range interactions fromwater protons, whereas the proline
carbons are cross polarized rapidly by the attached protons. This is
a similar effect as that used to achieve spectral editing to distin-
guish between protonated and quaternary carbons [27]. A side
effect of this method is thus that signals from quaternary carbons
in the substrate are also suppressed, as for the carboxylic 13C signal
of proline in Fig. 2.
2.3. Solvent suppression for surface species
Surface species represent an interesting intermediate case
between microcrystalline organic solids and frozen solutions. Here
we use a model mesoporous silica material (1) (Fig. 3) in passi-
vated 1-OCD3 and unpassivated 1-OH forms [28]. The passivation
affects the polarity of the surface of the material, leading to
different affinities for solvent and radical, potentially leading to
differences in relaxation behaviour when impregnated [28].
Fig. 3a shows the 1H-13C CPMAS echo spectrum of hydrophobic
1-OCD3 impregnated with 16 mM TEKPol in TCE. The carbon-13 T20
filter with an echo time (sd) of 2.8 ms led to smaller difference in
carbon-13 T20 relaxation times than for conventional CPMAS spec-
tra. Fig. S5b and c shows CPMAS-echo spectra with sd from 0.08 ms
to 2.8 ms. Here there is a partial solvent suppression, with 90%
reduction of the solvent signal and a loss of 70% of the compound
signal compared to the impregnated organic solid above, with sol-
vent signals having T20 around 2 ms and compound signals having
from 4 ms to 5 ms. Additionally, we see that the initial rapid decay
of the solvent signal is followed by a period of slow decay. This
might be because of the pore structure of the material into which
TCE was absorbed but the bulky TEKPol radical was excluded, so
that some parts of the TCE signal are not affected by direct param-
agnetic relaxation enhancement (PRE) that drives differences in T20.
Solvent suppression using the T1q filter (spin-lock-CPMAS)
approach was also investigated for this system. Fig. S5a shows
the CPMAS spinlock spectrum with sSL = 100 ls and 10 ms. Here
we observe that at sSL = 10 ms the substrate signals are completely
suppressed, whereas the solvent signals remain! In this case, T1q is
shorter for compound signals compared to the solvent signals, and
the T1q filter fails. This could be explained by an affinity of the
TEKPol radical for the passivated hydrophobic surface leading on
average to shorter apparent T1q for the solvent/substrate close,
on the T1q spin diffusion length scale, to the surface than for the
‘‘bulk” solvent further away from the surface.
Fig. 2. DNP enhanced NMR spectra of 1.7 M Proline dissolved in 60:30:10 glycerol-
d8/D2O/H2Omixture, containing 10 mM AMUPol. 1H-13C CPMAS spectrum with a CP




Fig. 3. DNP enhanced NMR spectra of 1 (a) 1-OCD3 impregnated with a 16 mM
solution of TEKPol in TCE (a) 1H-13C CPMAS echo spectrum with echo periods of sd
of 80 ls (upper) and 2.8 ms (lower); (b) 1-OH impregnated with a 16 mM solution
of TEKPol in TCE, 1H-13C CPMAS echo spectrum with echo periods sd of 80 ls
(upper) and 1.6 ms (lower) spectrum; (c) 1-OHmaterial impregnated with 60:30:10
glycerol-d8/D2O/H2O mixture, containing 10 mM AMUPol, 1H-13C CPMAS spectrum
with a CP contact time of 2000 ls (upper) and 50 ls (lower). * indicates spinning
sidebands.
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Fig. 3b and S6 show the 1H-13C CPMAS echo spectrum and spin-
lock CPMAS spectra of hydrophilic 1-OH impregnated with TEKPol
in TCE. The behaviour of the peak intensities are the same as they
were for the passivated material. The carbon-13 CPMAS echo with
an echo time of 1.6 ms leads to 90% solvent suppression and 50%
compound signal loss. Fig. 3c shows 1-OH impregnated with a
60:30:10 glycerol-d8/D2O/H2O mixture, containing 10 mM AMUPol
[29]. (Note that 1-OCD3 is hydrophobic and cannot be impregnated
with the glycerol based polarization solution.) Fig. S7 compares the
T20 and T1q filter approaches. In this case, we find that T1q is iden-
tical for solvent and compound signals such that the proton T1q fil-
ter approach does not provide any separation. Furthermore, in this
case we find the solvent signals have longer T20 than the compound
signals, suggesting that AMUPol has an affinity for the surface, and
that it enters the pores. Since we are using deuterated glycerol, the
short contact CP was also implemented. However, in this case there
was 84% loss of solvent signal with 72% loss in substrate signals as
shown in Fig. 3c. (In this case there was thus only a 15% differential
in the solvent signals relative to the compound signals, as shown in
Fig. 3c.) This possibly suggests that the compound protons are not
directly hyperpolarized, but may be polarized with the same long
range CP dynamics (from nearby solvent) as for the glycerol.
Hence, for both passivated and hydroxide terminated 1 impreg-
nated with TEKPol in TCE, the T20 filter was able to suppress the sol-
vent signals by 90% while the compound signals were reduced by
60%. With the deuterated glycerol based polarizing solution none
of the methods considered here removed the solvent signals. This
highlights the complexity of the details of the DNP process for sur-
face species.
2.4. Proton detected DNP enhanced NMR
Protons would be a nucleus of choice in the characterization of
organic molecules at natural isotopic abundance due to the high
natural isotopic abundance and gyro-magnetic ratio. Proton chem-
ical shifts are known to be very sensitive to the structure and pack-
ing in solids, and proton-proton correlation experiments have
become powerful tools to probe structures in a range of materials
[30]. However, under MAS DNP conditions the proton signals are
typically masked by the solvent signals. With the solvent suppres-
sion methods introduced here, DNP enhanced 1H-1H correlation
spectra are possible.
Fig. 4a shows the 1D 1H (single pulse) spectrum of L-histidine
HClH2O impregnated with a 16 mM solution of TEKPol in TCE.
The spectrum is dominated by the solvent peak overlapped with
the broad histidine resonances. By adding the proton T1q filter
developed above with sSL = 80 ms, we expect the complete elimi-
nation of the solvent signal, and this is consistent with the change
seen in Fig. 4b, where 1H signals from the HN protons with high
chemical shifts above 10 ppm are clearly visible. To obtain better
resolution, Fig. 4c shows the conventional 1D CRAMPS [31] spec-
trum, in which we now clearly see that the ring proton signals
are masked by solvent signals. Fig. 4d shows the DNP enhanced
proton 1D CRAMPS with an 80 ms 1H spinlock before acquisition,
in which the solvent signals are effectively removed.
This allows us to perform, for the first time, a DNP enhanced
1H-1H double quantum (DQ) to single quantum correlation exper-
iment in which connectivity’s are observed between protons that
are close in space. Fig. 4e shows the DNP enhanced 2D 1H-1H
DQ-CRAMPS spectrum of histidine. All the expected correlations
are observed in the spectrumwith no observable contribution from
the solvent resonances. Note that while proton sensitivity is not
always considered to be a limiting factor in solid-state NMR, there
are many examples where either low concentrations (in low sur-
face area materials, for example) or long proton T1 (as in the case
of small molecule solids) mean that even acquiring 1H solid-state
NMR spectra can be lengthy. The overall sensitivity enhancements
for the case of impregnated organic solids are for example even lar-
ger than simply the DNP enhancement, since the recycle time is
now limited by spin diffusion replenishing the polarization from
the radical source (typically around 60 s), whereas the T1 at room
temperature can be on the order of 200 s. Thus the overall sensitiv-
ity gain in the low temperature DNP experiment as compared to an
ordinary room temperature measurement can be around Ry = 500
for a DNP enhancement factor of 100. This effect has been dis-
cussed in detail in Ref. [15].
3. Conclusions
In conclusion, we have introduced solvent suppression methods
for DNP enhanced NMR that remove the signals from the polarizing
solutions that are necessary for DNP but which otherwise mask
important spectral information. For impregnated powders, we find
that relaxation times are much shorter in the polarizing solutions
than in the substrates, and thus that either 1H T1q or carbon-13
T20 relaxation filters lead to efficient solvent suppression with min-
imal signal loss. For homogeneous frozen solutions, there is essen-
tially no differential relaxation, but in that case, we find that short
cross polarization times can be used to eliminate the carbon-13
Fig. 4. DNP enhanced spectra of L-Histidine. Monohydrochloride monohydrate
impregnated with a 16 mM solution of TEKPol in TCE (a) 1D one pulse 1H spectrum
(b) 1D one pulse 1H spectrum with a spin lock before acquisition (c) 1D CRAMPS
spectrum (d) 1D spin-lock-CRAMPS spectrum with a spin-lock period sSL of 80 ms
(e) 2D 1H-1H DQ-CRAMPS spectrum with a spin lock before creation of the DQ
coherence. Details and pulse sequences are given in SI. * indicates axial peaks.
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signals from deuterated glycerol. For substrates at surfaces,
unusual behaviour is observed, possibly due to the affinity of the
radicals for the surface, and the methods introduced here do not
produce reliable results.
The introduction of these efficient solvent suppression methods
made it possible to record high-resolution DNP enhanced 1H-1H
correlation spectra for the first time. This enables the core methods
of NMR crystallography to be applied to systems that require sen-
sitivity enhancements of DNP [10,13,14,32,33].
4. Experimental details
NMR Experiments were performed on 400 MHz DNP-MAS spec-
trometers with 3.2 mm triple resonance (1H, 13C and 15N) MAS
probes used in double resonance mode with a sample spinning rate
of 12.5 kHz for all the measurements. All experiments were per-
formed with set temperatures of 100 K. The 1H-13C CPMAS,
1H-13C spin-lock-CPMAS and 1H-13C CPMAS echo pulse sequences
used are given in Fig. S1 together with details of the acquisition
parameters. SPINAL-64 [34] heteronuclear decoupling was applied
during carbon-13 acquisition. 100 kHz radio-frequency field
amplitude was used for 1H 90 pulses, during spinlock and cross-
polarization, and for heteronuclear decoupling. 67 kHz radio-
frequency field amplitude was used for the 180 pulse on
carbon-13. For 1H CRAMPS [31,35] acquisition, the eDUMBO-122
homonuclear decoupling [36] sequence was used with 100 kHz rf
amplitude. The window duration was set to 6.4 ms for acquisition.
For DQ excitation and reconversion, POST-C7 [37] homonuclear
dipolar recoupling was used with an rf amplitude of (7 ⁄ mr)
= 87.5 kHz. Two POST-C7 blocks were used for 1H (DQ) excitation
and for reconversion.
5. Sample preparation
Histidine/TCE: L-histidine monohydrochloride monohydrate
(obtained from Sigma-Aldrich and used without further purifica-
tion) was ground with a pestle in an alumina mortar in order to
make a fine powder. 40 mg of finely ground powder was impreg-
nated with 18 lL of a solution of 16 mM TEKPol in 1,1,2,2-
Tetrachloroethylene (TCE). The wet powder was then transferred
to a 3.2 mm sapphire rotor, packed, and topped with a PTFE insert.
Histidine/OTP: 44 mg of ground L-histidine monohydrochloride
monohydrate was mixed with 23 mg of a dry powder of 16 mM
TEKPol in 95%:5% orthoterphenyl-d14 orthoterphenyl, followed by
mixing with a glass rod. The mixture then was transferred to the
sapphire rotor. The rotor was heated to 60 C for about 5 min to
melt the OTP, and then immediately transferred to the NMR probe,
which was pre-cooled to 100 K, leading to OTP glass formation.
Proline/AMUPol: A 1.7 M solution of L-proline was made using
a glycerol-d8/D2O/H2O mixture, with 60:30:10 volume ratio, as
solvent. The solvent also contained 10 mM AMUPol. The
L-proline was obtained from Sigma-Aldrich and used without fur-
ther purification.
Mat-PrN3: 10 mg of the functionalized passivated or unpassi-
vated mesoporous materials (provided by Prof. Christophe Copéret,
ETH Zurich) were impregnated with 20 mL of the polarizing agent.
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